To establish an effective hormone receptor-based molecular classification of high-grade serous ovarian cancer (HGSC), we retrospectively examined 875 consecutive HGSC patients who underwent primary surgery at our hospital and constructed tissue microarrays from these specimens. The expression levels of the hormone receptors were as follows: ER 64.4%, PR 12.6%, AR 35.6%, FSHR 54.5%, LHR 34.8%, and GnRHR 88. Ovarian cancer is the seventh most commonly diagnosed disease worldwide as well as the eighth most lethal disease among females around the world 1 . After primary treatment including staging or debulking surgery and platinum-based adjuvant chemotherapy, around half of patients will relapse within 16 months 2 . Thus, effective clinic-pathological biomarkers are urgently required.
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We analyzed the expression levels of hormone receptors according to the hypothalamic-pituitary-gonadal axis and another two potentially useful biomarkers (HER2 and Ki67) in 875 patients with HGSC. A new hormone receptor-based classification of HGSC was established, and patients were divided into five subgroups with distinctive clinical features.
Methods
Clinical Data. The clinical data were collected retrospectively from women who underwent primary surgery for HGSC at our hospital between April, 2005 and June, 2013. This study was conducted according to the Declaration of Helsinki and was approved by the Committee at Fudan University Shanghai Cancer Center. All participants provided written informed consent. Patients were excluded if they had received neoadjuvant chemo therapy, had been treated for recurrent disease, or were found to have other histological diagnoses on pathological review.
Clinical and pathological data were obtained from the medical records, cancer registries, and pathology reports. Patient characteristics, including age, menopausal status, FIGO stage, surgical outcomes, date of progression or recurrence, and the patient's disease status at last contact, were collected. All patients were followed up until December 31, 2014.
R0 was defined as no macroscopic residual disease (RD) after surgery. Platinum sensitivity was defined as a time interval of 6 months or longer between the completion of platinum-based chemotherapy and the detection of relapse. Platinum resistance was defined as disease progression during adjuvant chemotherapy or within the 6-month interval between the completion of chemotherapy and disease relapse.
Progression-free survival (PFS) was defined as the time interval from the date of primary surgery to the date of disease progression or recurrence. Overall survival (OS) was defined as the time interval from the date of the primary surgery to the date of death or the last follow-up.
Tissue Microarray and Immunohistochemistry. The histological diagnoses were based on the WHO criteria 17 . The samples were re-reviewed and reclassified as low and high-grade serous carcinoma based on the two-tiered grading system by two experienced gynecological pathologists (two co-authors of this paper). A microarray (1 mm) with triplicate tissue samples from each tumor was prepared 9, 18 . Immunohistochemical staining was performed for ER, PR, HER2 and Ki-67 using a Ventana Benchmark XT autostainer (Ventana Medical Systems Inc., Tucson, AZ, USA). Staining for AR, FSHR, LHR and GnRHR was performed using the Envision horseradish peroxidase system (DAKO EnVision System K5007) following the manufacturer's protocol. The following primary antibodies were used: ER (Roche SP1), PR (Roche 1E2), AR (Abcam ab133273, 1:100), FSH-R (Abcam ab150557, 1:100), LH-R (Santa Cruz sc-25828, 1:40), GnRH-R (Abcam ab183079, 1:50), HER2 (Roche 4B5), and Ki67 (Roche 30-9).
The results were independently judged, evaluated, and scored by two experienced gynecological pathologists without knowledge of the patients' information. The results were recorded as the numerical mean of the values obtained from the triplicate cores. The intra-class correlation coefficient (ICC) was calculated to evaluate the internal consistency of the immunoscore of the three cores from each individual tumor sample. The Cronbach's α indexes were approximately 0.9, which meant that there were no differences in parameter expression among the different morphological tissues. The expression levels of hormone receptors were determined using the following criteria:
ER, PR and AR levels: > 10% showing positive nuclear staining of any intensity was defined as positive 19, 20 . FSH-R and LH-R levels: Evaluation of the cytoplasmic staining reaction was performed in accordance with the immunoreactive score (IRS). The IRS was defined as staining intensity (SI) by the percentage of positive cells (PP). SI was defined as 0 (negative), 1 (weak), 2 (moderate) and 3 (strong). PP was defined as 0 (negative), 1 (no more than 10% positive cells), 2 (11% to 50% positive cells), 3 (51% to 80% positive cells) and 4 (more than 80% positive cells). IRS = SI × PP, IRS ≥ 3 was defined as positive 21 . GnRHR level: The cytoplasmic staining of GnRHR was recorded as negative, weak, moderate and strong. Staining of any intensity was regarded as positive 22 . HER2 level: Membrane HER2 staining was recorded by scores of 0, 1+ , 2+ and 3+ according to the ASCO/ CAP guideline 23 . In our cohort, any score of > 0 (1+ , 2+ , and 3+ ), not only 3+ , was regarded as positive. Ki67 level: > 50% showing positive nuclear staining of any intensity was defined as positive, which could discriminate patients into groups with different prognoses 24 
.
Statistical Analyses. SPSS software (version 21.0, IBM Inc, USA), R software (version 3.2, Mathsoft Inc, USA) and GraphPad Prism software (version 6.0, GraphPad software Inc, USA) were used for the statistical analyses. Descriptive statistics were summarized as the means with the standard deviations (SD), the medians with the interquartile ranges (IQRs) or ranges, or the frequencies with the percentages. The categorical data were compared with chi-square or Fisher's exact tests as appropriate. Logistic regression analysis was used in the multivariate analyses to evaluate the effects of the predictive factors, which are expressed as odds ratios (ORs). After the predictive and prognostic analyses, we identified ER, PR, AR and Ki67 as meaningful clinical indicators for HGSC molecular classification. An unsupervised hierarchical clustering analysis was performed to identify which tumors were related to each other according to their expression regardless of other patient characteristics. And average linkage clustering was used based on the positive and negative expression values. The PFS and OS were analyzed with the Kaplan-Meier method and log-rank tests in the univariate analyses, and cox regression analysis was used in the multivariate analyses to evaluate the effects of the prognostic factors, which are expressed as hazard ratios (HRs). All patients were included in the OS analyses, however, 72 patients (8.2%) with missing data on recurrence were excluded from the PFS analyses. Among them, 24 patients could not recall their exact recurrence date, and 48 patients were recorded as died from cancer recurrence in the cancer registries but their relapse dates were not documented. P < 0.05 was considered statistically significant, and all reported P values were 2-sided.
Results
Patient characteristics and hormone receptor expression levels. The patient characteristics and hormone receptor expression levels are described in Table 1 . Among the 875 patients, 602 of them (69%) were postmenopausal and 85 of them (10%) had a family history of breast or ovarian cancer. A total of 800 patients (91%) were of advanced stage (III-IV).
Because some cores in the TMA slides shed off during the procedure of IHC staining, only 863-868 patients had available expression data for each IHC parameter. Representative images of parameter staining are shown in Figure S1 . These parameters were present in the majority of HGSC patients. A total of 556 (64%) patients were ER positive. PR and AR were highly expressed in 13% and 36% of patients, respectively. Nearly 90% of patients were GnRHR positive; however, for HER2 staining, only 4% of patients were scored ≥ 1 (score 1+ : 26 patients; score 2+ : 3 patients; and score 3+ : 2 patients, respectively). FSHR, LHR and Ki67 were highly expressed in 55%, 35% and 26% of the patients, respectively. The associations of these parameters are shown in Table S1 .
Independent analyses of hormone receptor expression levels. All 875 patients in our study underwent primary staging or debulking surgery, and 272 (31%) of them were debulked to R0 after primary surgery. We did not observe any associations between residual disease and hormone receptor expression or expression of any other parameters (Table S2) .
A total of 849 (97%) patients had received platinum-based adjuvant chemotherapy following primary surgery. The majority of patients were administered taxanes (including paclitaxel (646/875, 74%), docetaxel (29/875, 8%)). A small number of patients received cyclophosphamide (18/875, 2%). Information regarding the combination of agents received by 23% (200/875) of the patients was not available. A total of 568 (67%) patients were platinum sensitive (Table 1) . A greater proportion of the PR-positive (80.4% vs. 69.1%, p = 0.020) or AR-positive (76.2% vs. 67.3%, p = 0.010) patients were sensitive to platinum-based chemotherapy compared to the corresponding negative patients. Moreover, a larger proportion of patients with Ki67 over 50% were platinum sensitive compared to patients with Ki67 below 50% ( Table 2) . We did not observe any associations between platinum sensitivity and ER, FSHR, LHR, GnRHR or HER2 expression (Table 2 ). In the multivariate analysis, AR expression (OR = 0.625, 0.434-0.900, p = 0.011) and Ki67 over 50% (OR = 0.632, 0.429-0.931, p = 0.020) were independent predictors of platinum sensitivity (Table S3 ). The median follow-up time was 29 (1-115) months. A total of 499 (57.0%) patients had documented recurrence with a median (95% CI) PFS of 18 (16.8-19 .2) months. The 2-year and 5-year PFSs were 38.1% and 19.4%, respectively. Among all of the patients in the study, 345 (39.4%) deaths were documented, and the median (95% CI) OS was 58 (51.4-64.6) months. The 2-year and 5-year OSs were 79.3% and 48.8%, respectively. The known negative influences on PFS or OS were confirmed and included advanced FIGO stage (p < 0.001 and < 0.001, respectively) and the presence of residual disease (p < 0.001 and < 0.001, respectively).
In the univariate analyses of PFS, ER expression was associated with impaired PFS, while PR expression was associated with improved PFS (p = 0.036 and 0.009, respectively, Figure S2 , Table 3 ). The women with Ki67 over 50% tended to exhibit longer PFS than those with Ki67 below 50% (p = 0.021, Figure S2 , Table 3 ). The associations between AR, FSHR, LHR GnRHR or HER2 expression and PFS revealed no statistically significant differences. In the multivariate analysis with adjustments for age, FIGO stage, and cytoreduction outcome, ER (HR = 1.302, 1.077-1.573, p = 0.006) and PR (HR = 0.718, 0.538-0.958, p = 0.024) expression were found to be independent predictors of PFS (Table 3) .
In the univariate analyses of OS, AR expression and Ki67 over 50% were associated with improved OS (p = 0.023 and 0.003, Figure S3 , Table 3 ). The women with positive PR expression tended to exhibit longer OS than those with negative PR expression; however, the difference was not significant (p = 0.061, Figure S3 , Table 3 ).
The associations between FSHR, LHR, GnRHR or HER2 expression and OS revealed no statistically significant differences. In the multivariate analysis with adjustments for age, FIGO stage, and cytoreduction outcome, ER (HR = 1.288, 1.014-1.636, p = 0.038), AR (HR = 0.744, 0.578-0.959, p = 0.022) and Ki67 (HR = 0.688, 0.520-0.910, p = 0.009) expression were found to be independent predictors of OS. PR expression was no longer an independent predictor of OS (HR = 0.911, 0.617-1.346, p = 0.641, Table 3 ).
Molecular subtype classification of HGSC. Considering the predictive and prognostic analyses above, we identified ER, PR, AR and Ki67 as meaningful clinical indicators for HGSC molecular classification. A clus-
tering analysis was performed to identify which tumors were related to each other according to ER, PR, AR and Ki67 expression. A total of five hormone receptor-based molecular subtypes were distinguished (PR+ , PR − ER + AR+ , PR − ER + AR− , PR − ER − AR+ , and PR − ER − AR−). Ki67 did not play a dominant role in the classification (Fig. 1A,B) . Characteristics of patients within each subgroup are shown in Table 4 . Patients in the PR+ group were younger compared to those in the other groups (p < 0.001). More patients were of advanced stage in the PR − ER + AR− group than in the other groups (p = 0.020). Patients in all subgroups received similar debulking surgery and adjuvant chemotherapy, and there was no difference in the surgery outcomes between the groups (p = 0.476). A greater proportion of patients were sensitive to platinum-based chemotherapy in the PR − ER − AR+ group compared with the other groups (p = 0.034).
The univariate Kaplan-Meier analysis for OS was performed (Fig. 1C) , and a statistically significant trend of increasing risk of death was observed among the subgroups (χ 2 = 16.140, p < 0.001, Table 5 ). In the multivariate analysis adjusted for age, FIGO stage and residual disease, patients also had orderly increased hazard ratios for death in the PR + (HR = 2.256, 0.983-5.175, p = 0.055), PR − ER + AR + (HR = 2.188, 1.004-4.796, p = 0.049), PR − ER − AR− (HR = 2.316, 1.097-5.082, p = 0.028) and PR − ER + AR− (HR = 2.928, 1.366-6.276, p = 0.006) subgroups compared with the PR − ER − AR+ subgroup (Table 5) .
Discussion
In this large mono-institutional study, six hormone receptors (ER, PR, AR, FSHR, LHR and GnRHR) and another two potentially useful biomarkers (HER2 and Ki67) were investigated. Based on the clustering expression patterns of four critical parameters (ER, PR, AR, and Ki67), we classified patients into five subgroups (PR+ , PR − ER + AR+ , PR − ER + AR− , PR − ER − AR+ , and PR − ER − AR−) with distinctive clinic-pathological features.
Several studies have investigated the prognostic impact of hormone receptor expression in ovarian cancer. The majority of previous investigations focused on ER or PR expression levels, and these previous investigations obtained inconsistent results. Some studies implicated that ER or PR expression was associated with improved progression, while other studies showed no significant associations between ER or PR expression and prognosis 10, 11, 25 . Moreover, most studies combined all of the disease subtypes regardless of heterogeneity and had small sample sizes. This may hinder efforts to identify the subtype-specific significance of hormone receptor expression.
Sieh et al. 9 first evaluated the prognostic effects of ER and PR expression according to histological subtypes. Their study showed that ER or PR was positive in the majority of HGSCs and endometroid ovarian carcinomas, while their expression was rare in clear cell or mucinous carcinomas. In the histological subgroup analyses, ER and PR expression were associated with improved survival in endometroid ovarian carcinoma, and PR expression was associated with better survival in HGSC. Our study focused on only one histological type HGSC, which is the most common subtype of epithelial ovarian cancer and has high expression levels of hormone receptors. In contrast to Sieh's study, we used a cutoff value of 10% instead of 1% for ER− and PR− positive expression 19 . Studies of 875 HGSC patients show that ER expression is correlated with worse PFS and OS independently, while PR is only associated with improved PFS, but not OS. Our findings provide more information about the clinical significance of ER or PR expression in HGSC.
In addition, our study includes another promising biomarker, androgen receptor, which is seldom mentioned in ovarian cancer research 4, 7, 12, 14 . Recent studies have highlighted androgen receptor as a promising prognostic and treatment-predictive marker of breast cancer 26, 27 . Jonsson et al. 12 demonstrated a favorable outcome for ovarian cancer patients whose tumors coexpressed PR and AR. Our study, for the first time, suggests that AR is an independent predictor of platinum sensitivity in HGSC and improved OS. The underlying mechanism of their relationship should be studied in the future.
Consequently, our study has provided us with the possibility to establish a molecular classification of HGSC based on hormone receptor expression. As another type of hormone-related cancers, breast cancers are classified into four subtypes based on corresponding ER, PR, HER2 and Ki67 expression levels 28 . Similar attempts have been made to stratify ovarian cancer according to ER, PR and HER2 expression, but no significant clinicopathological differences were observed between the subgroups 29 . According to previous studies, the frequencies of HER2 overexpression in ovarian cancer varied 30 . Possible explanations might be the use of different antibodies as well as variable scoring systems. We selected the Roche antibody identified by the FDA for the HER2 test and evaluated HER2 expression according to the ASCO/CAP guideline 23 . Our study indicates that HER2 overexpression is rare in HGSC, and thus the potential application of HER2 in HGSC classification is limited.
Based on our results, we classified HGSC patients into five subgroups according to ER, PR and AR expression. Kruchten et al. 7 had also classified ovarian cancer according to ER, PR and AR expression. However, they combined all histological subtypes and did not refer to the hypothalamic-pituitary-gonadal axis-related hormone receptors. Our study included only patients diagnosed with HGSC, which excludes histological heterogeneity and allows for the identification of reliable and meaningful subgroups. Additionally, further investigation revealed that these groups have distinctive clinic-pathological characteristics. Only a small proportion of patients (4.3%) were PR − ER − AR+ , which indicates a greater response to chemotherapy and improved OS. The proportion of the PR − ER + AR− subgroup ranked first (32.5%) in HGSC, and the prognosis of this group was the worst. Thus, those patients with worse prognosis might need more aggressive treatment and might require more frequent follow-up.
Our classifications indicate that we can predict patients' clinical outcomes by routine assessment of ER, PR and AR expression. This could help guide individual treatment and stratification of patients in future clinical trials. Hormone therapy has long been an alternative therapy for breast cancer 31 . However, hormone therapy has only been regarded as a salvage therapy for ovarian cancer. Previous studies have shown that the effect of endocrine therapy could be influenced by hormone receptor status with subgroup heterogeneity [32] [33] [34] [35] . Our hormone receptor-based classification might be used in the selection of potential patients for endocrine therapy in future studies.
Moreover, though not included in the molecular classification of HGSC, our investigations on other biomarkers provide us with more information about future precise treatments for HGSC patients. The data on FSHR, LHR, and GnRHR expression were scarce in previous studies, and our study found high expression levels of FSHR, LHR and GnRHR. This suggests the possibility of using corresponding ligands as targeting moieties 36, 37 . For instance, Zhang et al. 36 have developed a paclitaxel-loaded FSH binding peptide-targeted drug against ovarian cancer. Their in vitro and in vivo studies showed that this drug displays higher anti-tumor efficacy against FSHR-expressing tumors with less cytotoxicity. A phase II study of AEZ-108 (an LHRH agonist linked to doxorubicin) in LHRH-positive refractory ovarian cancer patients has been conducted 37 . Among treated patients, 14.3% (6/42) showed partial response and 38% (16/42) still had stable disease with a median PFS of 12 weeks and a median OS of 53 weeks. However, rare HER2 overexpression indicates the limited application potential of trastuzumab in HGSC.
In conclusion, for our study, we recruited a group of patients with the same histology who were treated within 9 years and underwent similar treatment procedures. We proposed an effective and clinically applicable classification of HGSC in light of our discovery. Indeed, it should also be further verified in an independent external cohort, and we think that a multicenter prospective cohort is preferred for this purpose. Furthermore, the underlying molecular pathogenesis mechanism of distinct subgroups should also be studied in the future. Although further investigations are necessary, our hormone receptor-based classification could help guide individual treatments and stratify patients in future studies.
